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Abstract 

We identify stars with large proper motions that are potential candidates for the astrometric microlensing effect during the Gaia 
mission i.e. between 2012 and 2019. The effect allows a precise measurement of the mass of a single star that is acting as a lens. 
We construct a candidate list by combining information from several input catalogs including PPMXL, LSPM, PPMX, OGLEBG, 
and UCAC3. The selection of the microlensing candidates includes the verification of their proper motions as well as the calculation 
of the centroid shift of the source resulting from the astrometric microlensing effect. The assembled microlensing catalog comprises 
1118 candidates for the years 2012 to 2019. Our analysis demonstrates that 96% of the (high) proper motions of these candidates are 
erroneous. We are thus left with 43 confirmed candidates for astrometric microlensing during the expected Gaia mission. For most 
of them the light centroid shift is below ~100 //as (assuming a dark lens) or the astrometric deviation is considerably reduced by the 
brightness of the lens. Due to this the astrometric microlensing effect can potentially be measured for 9 candidates that have a centroid 
shift between 100 and 4000 yt/as. For 2 of these astrometric microlensing candidates we predict a strong centroid shift of about 1000 
and 4000 //as, respectively, that should be observable over a period of a few months up to a few years with the Gaia mission. 
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1. Introduction 

In the last three decades, gravitational lensing has become an 
important tool in astronomy and cosmology (Schneider et al. 
2006). It is used e.g. to study the mass distribution of galaxies 
and clusters, to define the large scale geometry of the universe 
from the determination of the Hubble constant, to discover dis- 
tant quasars (Blandford & Narayan 1992) or to detect extraso- 
lar planets (Mao & Paczynski 1991). The effect of gravitational 
lensing is the deflection and magnification of light from a back- 
ground source by an intervening massive object. For the special 
case of stellar lenses and sources (Microlensing) there exist two 
images of the source. If observer, lens and source are perfectly 
aligned the image will be a ring with angular Einstein radius 

where M L is the mass of the lens and Z) s , A. are the distances of 
the source and the lens to the observer (Chwolson 1924; Einstein 
1936; Paczynski 1986). Typical values of the Einstein radius for 
Milky Way stars within one kpc distance as lens and distant 
sources are in the area of a few mas. If the components of grav- 
itational lensing are closely, but not perfectly aligned the two 
images have an angular separation of order two Einstein radii. 
Hence it is not possible to resolve the source images with cur- 
rent telescopes. Because the images are not resolvable one can 
measure only their light centroid. Due to the relative motion of 
lens, source and observer, the magnification and image geometry 
changes with time hence the light centroid changes its position 
as well. The observation of the resulting light centroid shifts of 
source stars due to gravitational lensing is called astrometric mi- 
crolensing. 



Bohdan Paczynski discussed the interesting possibility to de- 
termine the mass of a single star with astrometric microlensing 
(Paczynski 1995). With this effect it would be possible to deter- 
mine stellar masses with a precision of about one percent. Except 
for our sun and a few stars like MACHO-LMC-5 all known ge- 
ometrically derived stellar masses are obtained from stars who 
are members of a double or multiple system (Gould et al. 2004). 
But double stars may not always evolve like single stars. Hence 
direct measurements of single star masses are very important. 

Another very nice feature of astrometric microlensing was 
emphasized by Paczynski (1995): Astrometric microlensing 
events can be predicted. For this, one has to identify faint stars 
with high proper motion. Faint stars are favored because the light 
centroid shift of the source star is less affected than with a bright 
lens. High proper motion stars are essential for a short enough 
time scale. Furthermore these fast moving stars are members 
of the solar neighborhood which allows the calculation of the 
lens distances from a parallax measurement with high accuracy. 
Additionally, the centroid shift is considerably larger for close 
lenses. Most known high proper motion stars are in a sphere with 
a radius of about 100 parsec. These stars of the solar vicinity are 
mainly faint Red Dwarfs. 

The first systematic search for nearby astrometric microlens- 
ing events was done by Salim & Gould (2000) to identify can- 
didates for the Space Interferometry Mission (SIM). They found 
178 candidates during 2005 and 2015 with minimal lens-source 
angular distances between 7 and 20000 mas. Since then a cou- 
ple of catalogs with high accuracy in position and proper motion 
containing faint stars were published, hence it is possible to find 
more astrometric microlensing candidates, and a calculation of 
the corresponding centroid shift is more reliable. 
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With the Gaia mission it will be possible to measure the ef- 
fect of astrometric microlensing with the required accuracy of 
order 10 to 100 yuas. The satellite, expected to be launched in 
May 2013, surveys the whole sky and has a lifetime of five years 
(ESA 201 1). It will do astrometry, photometry and spectroscopy 
of approximately one billion stars in our Galaxy brighter than 
^20 mag in the visual band. The Gaia satellite will be the suc- 
cessor of Hipparcos (ESA 1997), the first astrometric satellite. 
Between 1989 and 1993 Hipparcos measured about one million 
star positions with unrivaled precision of 1 to 20 mas for stars 
brighter than 12 mag. 

An important quantity for the prediction of microlensing 
candidates is the astrometric accuracy <x a of Gaia. It will be 
~30 to 1400 yuas for a single astrometric measurement for stars 
of brightness 10 to 20 mag (Belokurov & Evans 2002). At the 
end of the Gaia mission the combined accuracy, which is not 
relevant for our study, varies between ~5 and 200 yuas depend- 
ing on the stellar brightness and the actual number of measure- 
ments (de Bruijne 2009). The photometric precision for a sin- 
gle measurement will be ~1 to 20 millimag (Varadi et al. 2011; 
Mignard 2011; Eyer & Figueras 2003) and the photometric ac- 
curacy reached at the end of the mission will amount to ~0. 1 to 
2 millimag for stars of brightness 10 to 20 mag (Eyer & Figueras 
2003; Perryman et al. 2001; Varadi et al. 2011), respectively. 

In this paper we selected astrometric microlensing candi- 
dates during the Gaia mission. We explore the possibility that 
Gaia can measure the resulting centroid shift trajectories. 

The paper is structured as follows: In Section 2 we recall 
the photometric and astrometric signatures of microlensing and 
the mass determination of the lenses. In Section 3, we present 
our catalog "Candidates for Astrometric Lensing" and explain 
its features. In Section 4 we show the candidates for astrometric 
lensing that have the closest approach between 2012 and 2019 
and discuss the candidates that should be observable with Gaia. 
Finally we summarize the results and give an outlook in Section 
5. 



2. Basics of Microlensing 

2.1. Photometric Microlensing 

The magnification due to the focusing of light from a pointlike 
source by a pointlike lens is called photometric microlensing. 
The magnification of both source images (A+, A_) and the total 
magnification A of the light centroid depends only on the impact 
parameter u = (#l - 0s)/#e> where #l and 6s are the angular po- 
sitions of lens and source. The impact parameter is the projected 
distance between lens and source in units of 6e . With this the 
total magnification is represented by Paczynski (1986) as 



A(u) = |A + | + |A_| = 



u 2 + 2 
u^lu 2 +4 



(2) 



The magnification for large impact parameter is approxi- 
mated by (Dominik & Sahu 2000): 



fi(u) - 1 + 



(u 2 + 2) 2 

and the corresponding magnitude shift by 
Am ■ 



In 10 • u 4 ' 



(3) 



(4) 



i.e. photometric microlensing is measurable only for small val- 
ues of the impact parameter (u < 1). Hence the timescale of 



a photometric microlensing event is typically the Einstein time, 
the time to cross the Einstein radius, which is expressed by 



tE 



(5) 



where \i is the proper motion and v± the transverse velocity of the 
lens. From photometric measurements it is possible to derive t E , 
but Z) L , v ± and 6e (lens mass) can not be extracted individually 
from observations without additional information. 



2.2. Astrometric Microlensing 

The astrometric microlensing effect of a close lens with D L =50 
pc and a distant source is illustrated in the upper panel of Figure 
1 (following Paczynski 1996a). The lens has an Einstein radius 
of 8.5 mas and we assume the minimal impact parameter uo to 
be 0.5, which corresponds to a projected distance of 4.25 mas. 
When a high proper motion star (red crosses) is moving in front 
of a background source star (big black point) there are two im- 
age trajectories due to gravitational lensing (blue open circles). 
Even if the images are not resolvable one may measure a cen- 
troid shift trajectory (violet points) which is always an ellipse. 
Lens, source, images and the centroid position are all lying on a 
straight line (dashed line in Figure 1). The black circle presents 
the corresponding Einstein ring of the event connected with the 
dashed line. The lower image of Figure 1 shows different cen- 
troid trajectories of this astrometric microlensing event. The el- 
lipses correspond to minimal impact parameter of uo = 0.5 (vio- 
let), 1 (blue), V2 (red), 2 (green), and 5 (black). 

Here we explain the astrometric microlensing signals. First 
we assume a dark lens. The centroid position is given by Hog 
et al. (1995), Miyamoto & Yoshii (1995), Walker (1995), and 
Lee et al. (2010) as 



A + + + A_6L 
A + +A_ 



(6) 



where 6+ is the image position outside and 6- inside of the 
Einstein ring radius. The light centroid shift in comparison to 
the unperturbed source position 



u z + 2 



0e 



(7) 



depends on the impact parameter and the Einstein radius. The in- 
ner dependence on # E is the reason why astrometric microlens- 
ing leads to a preference of nearby stars as lenses and distant 
sources. The corresponding maximal value of centroid shifts is 
determined by Paczynski (1998) to 



60c 



0.354 6 E 



(8) 



3iu= V2. For instance, the maximal possible centroid shift of 
a one solar mass lens at 50 pc and a source at 5 kpc distance 
amounts to 4.5 mas. 

For large impact parameter (u » V2) one gets a centroid 
shift of (Dominik & Sahu 2000) 



se c 



e_E 

u ' 



(9) 



which implies that the centroid shift decreases only with u~ l in 
comparison to the magnitude shift which depends on u~ 4 . Hence 
the cross section for astrometric microlensing is much larger 
than for photometric lensing (Paczynski 1996b; Miralda-Escude 
1996). 
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Figure 1. Upper panel: An astrometric microlensing event illus- 
trated with a close lens {D L = 50pc, 6 E = 8.5mas) and a distant 
source (according to Figure 3 of Paczynski 1996a). The lens 
(red crosses) is moving in front of a background star (big black 
point) with u = 0.5 (equivalent to 4.25 mas). Due to gravita- 
tional lensing there are two images whose paths are shown 
with blue open circles. If the two images are not resolvable 
one can measure only the light centroid shift trajectory (violet 
points) which is an ellipse. Lower panel: Different centroid shift 
trajectories of the same astrometric microlensing event but for 
different impact parameters u = 0.5, 1 , V2, 2 and 5 (according 
to Figure 2 of Dominik & Sahu 2000). 



With consideration of the luminous lens effect the centroid 
position, 



A + e + + a_0_ + f LS e L 



lum — 



A + + A_ + fi 



(10) 



LS 



depends additionally on the flux ratio /ls = fh/fs of the lens 
and the source star. For u» V2 the centroid shift is reduced by a 
factor of 1 + /ls in comparison to a dark lens (Dominik & Sahu 
2000): 



£#c,lum - -7\ 7T— #E- 

(1 +/ls> 



(ID 



If lens and source are both resolved, the luminous lens effect 
does not need to be considered anymore. The components are 
resolvable when their projected distance is larger than Gaia's 
angular resolution, which is about 200 mas. 

It is assumed that approximately half of all stars are binaries 
or multiple systems. In this case the centroid shift ellipse is char- 
acterized by distortions, twistings, and jumps (Han et al. 1999). 
The majority of double stars in the solar neighborhood will be 
widely separated binary systems. This means they will have a 
projected binary separation d much larger than the Einstein ra- 
dius of the primary lens 1 . The resulting light curve of this bi- 
nary system will be very similar to the light curve of the primary 
lens. But the second lens component can affect the centroid shift 
trajectory to much larger projected distances (up to -100 uq de- 
pending on the mass of the second lens). For large projected bi- 
nary separations and a source close to the primary lens the mag- 
nification and the centroid shift of the second lens component is 
approximated to (An & Han 2002) 



A 2 ~l+2^ (d»2\ 



66 2 ~6 E A (d» V2), 
a 



(12) 



(13) 



where q = m^lm\ is the mass ratio of the lens components. The 
centroid shift of a wide binary lens system can be expressed as 
the superposition of the individual centroid shifts of both com- 
ponents (Chung et al. 2009): 



60 c ~ 60 cA + 60 ( 



*c,2- 



(14) 



Due to a larger cross section for astrometric lensing, the du- 
ration of astrometric microlensing events is much longer than 
for the corresponding photometric event. The average duration 
in which Gaia could measure the astrometric deviation is given 
by Honma (2001) as 



^ast — 



71 I t E E 



2 U 



(15) 



where 0^ is the accuracy threshold of Gaia for which the light 
centroid shift is measurable. We can estimate this threshold to be 



3V2cr a 
V5 



(16) 



where <x a is the astrometric accuracy of a single measurement, 
which depends on the source star brightness. The estimation for 
# m i n is a result of assuming the mean number of consecutive ob- 
servations to be five (Bastian, priv. comm.), a 3-sigma-area to 
have a convincing centroid shift measurement, and to get a two- 
dimensional accuracy (in general Gaia has a high precision in 
only in one direction) (Belokurov & Evans 2002; Lindegren & 
Bastian 2011). 

The mass of the lensing star can be determined (Paczynski 
1998) as 



Ml = 0.123 M G 



i 



(17) 



where 7Tls = ttl is the parallax of the lens source system. By 
the use of astrometry it is possible to specify the parallax of at 



1 The primary lens is defined as the binary component with the small- 
est angular separation to the source. 



3 



Svea Proft et al.: Prediction of Astrometric Microlensing Events during the Gaia Mission 



least the (visible) lensing star. When the lensing star is observ- 
able, the angular distance of lens and source is determinable. 
With additional information of the unaffected source position 
the centroid shift is measured. With given angular lens -source 
distance and centroid shift the Einstein radius is calculated by 
Equation (7). Hence the mass of the lens could be computed by 
astrometry but the highest accuracy is achieved when the mi- 
crolensing event is observed both astrometrically and photomet- 
rically. Therefore, an accompanying high-cadence ground based 
photometric monitoring of the events would be advantageous. If 
the lens is not observable, the combination of photometric and 
astrometric measurements is necessary. When Gaia will measure 
two sequenced positional shifts of a source star there will be an 
alert to do photometric observations from Earth (Wyrzykowski, 
priv. comm.; Hodgkin & Wyrzykowski 2011). For high proper 
motion stars it is likely that the time at closest approach, where a 
photometric event could be observable, has passed by that time. 
Hence it is important to predict microlensing events in particular 
for high proper motion lenses. 

3. The Microlensing Catalog 

3.1. Prediction of Microlensing Events 

For the determination of microlensing candidates we search for 
(background) stars that lie within a certain angular distance to 
the future position of the high proper motion star as illustrated 
in Figure 2. The image demonstrates the path of a lensing star 
between 2008 and 2020. On both sides of the trajectory, a band 
is defined with a certain minimal angular width w and four cor- 
ner points. If a source star lies inside this area the lens will 
be assigned as a candidate for microlensing. In consideration 
of the positional and proper motion accuracies of the lenses 
and sources, w was selected to be 0.7". Typical accuracies are 
-100 mas in position and ~10 mas/year in proper motion on 
the standard epoch 2000.0. The increasing width of the trapez- 
ium (dashed lines) reflects the increasing uncertainties in the lens 
position and proper motions as one moves away from this cata- 
log epoch. However, it is sufficient to use the rectangle. Our list 
"Candidates for Astrometric Lensing" contains the results of this 
algorithm and can be found at the GAVO data center 2 . It com- 
prises about 2400 microlensing candidates that have their closest 
approach between 1950 and 2100. 

For the prediction of microlensing candidates it was essen- 
tial to have a reliable catalog of proper motions. The currently 
most suitable catalog for the sources is the PPMXL (Roeser et al. 
2010). It is an all sky catalog with astrometric and photometric 
information of nearly one billion objects and has a limiting mag- 
nitude of ^20 mag in the visual band. 

In common astronomical catalogs the majority of stars with 
high proper motions (> 0.15"/year) are spurious. There were 
many problems with digitalization of old photographic plates, 
grains on them which were identified as stars, plates from differ- 
ent epochs in different filters or incorrect matching of star posi- 
tions from different sources especially in regions with high star 
density. Hence it is difficult to find reliable catalogs for the lens- 
ing stars. 

Gaia's predecessor Hipparcos produced the Hipparcos and 
Tycho catalogs which consist of stars brighter than 12 mag. 
Stars in the solar neighborhood are in general much fainter than 
this limit. Hence Hipparcos and Tycho contain only few high 
proper motion stars. Furthermore there exist also some older 

2 http://dc.g-vo.org/aml 
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Figure 2. Trajectory of a lensing star in equatorial coordinates 
between 2008 and 2020 (black arrow). If a background source 
star (small star) lies inside the area defined with a minimal 
angular width 2w and the corner points 1 to 4, the lens (big 
star) will be identified as candidate in our table "Candidates for 
Astrometric Lensing". The rectangle is a simplification of the 
trapezium (dashed lines), which expresses the increasing un- 
certainty in the lens positions and proper motions from the cat- 
alog epoch 2000.0. 



high proper motion star catalogs like NLTT (Luyten & Hughes 
1980) or LHS (Luyten 1979), but their positions and proper mo- 
tions are not precise enough for our study. Considering the lim- 
iting magnitude and the positional and proper motion accuracies 
we selected the LSPM-NORTH (Lepine & Shara 2005), PPMX 
(Roeser et al. 2008), UCAC3 (Zacharias et al. 2010), and the 
"catalogue of stellar proper motions in the OGLE-II Galactic 
bulge fields" (OGLEBG) from Sumi et al. (2004) as lens cata- 
logs. Since the LSPM-NORTH is not available for the whole sky 
and the PPMX and UCAC3 have not the same quality in every 
part of the sky they were chosen for different sky regions. The 
limiting V magnitudes are ^21mag (LSPM-NORTH), ^15mag 
(PPMX) and ^16mag (UCAC3). Because the probability for 
microlensing events increases with the density of source stars 
the majority of microlensing candidates should be close to the 
Galactic plane. Due to crowding the PPMX, UCAC3, and com- 
mon proper motion catalogs have a lot of spurious proper mo- 
tions in sky regions with high star density. Hence we also se- 
lected OGLEBG as a lens catalog. OGLEBG contains 5,080,236 
stars towards the Galactic bulge with Galactic longitudes -1 1° < 
/ < 11° and latitudes -6° < b < 3°. Of those, about 100 stars 
have proper motions larger than 0.15"/yr. 

In the next section we will show that LSPM-NORTH is a 
suitable lens catalog. It is available only for the northern sky. 
This catalog contains nearly 62,000 stars with proper motions 
larger than 0.15"/year. The image technique of LSPM-NORTH 
is different from common proper motion catalogs and leads to 
correct star identifications and hence to correct proper motions. 
Another suitable lens catalog is the rNLTT of Salim & Gould 
(2003). The rNLTT contains about 36,000 stars with declina- 
tions larger than -30°. The rNLTT proper motions are with -5.5 
mas/year more accurate than the corresponding LSPM-NORTH 
proper motions (~ 8 mas/year). The rNLTT is the most pre- 
cise high proper motion catalog with reliable proper motions 
and comprising faint stars, but it is less complete than LSPM- 
NORTH in the northern sky, hence we selected the LSPM- 
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NORTH. We will consider the southern part of the rNLTT as 
lens catalog in future studies. 

Most of our lensing stars are also contained in PPMXL, but 
occasionally their high proper motion is not listed correctly in 
this catalog. If the proper motion is known correctly in PPMXL 
and the proper motion accuracy is better than the considered 
accuracy of the lens catalog, we used the improved astrometry 
from PPMXL for the calculation of the centroid shift and the re- 
lated quantities. The proper motion accuracy of PPMXL varies 
between 4 and 10 mas/year. The PPMXL mean errors of posi- 
tions at standard epoch 2000.0 are 80 to 120 mas, when 2MASS 
astrometry was available (Roeser et al. 2010). 

With LSPM-NORTH, PPMX, OGLEBG and UCAC3 as lens 
catalogs and the PPMXL as source catalogs we find 1118 sup- 
posed astrometric microlensing candidates that have their clos- 
est approach between 2012 and 2019. Because many of the high 
proper motions are erroneous we have to individually check the 
proper motions of all supposed lensing candidates. 

3.2. High Proper Motion Analysis 

We began the high proper motion analysis with the method of 
reduced proper motions. This is an important tool to classify star 
populations (Salim & Gould 2000; Lepine & Shara 2005). By 
this method a visual magnitude H v is estimated by use of the 
proper motion ji. The absolute magnitude is given by 

My = m v + 5 log n + 5. (18) 

When the parallax n is replaced by yu, the reduced proper motion 
magnitude is (Jones 1972) 

H Y = m v + 5 log + 5. (19) 

Most infrared magnitudes J,H and K are listed in our lens cat- 
alogs or are available from 2MASS (Cutri et al. 2003). Hence we 
can plot a reduced proper motion diagram, i.e. an Hertzsprung- 
Russell diagram (HRD) with Hy against e.g. J-K. Figure 3 shows 
this diagram for our 1118 supposed microlensing candidates 
with known infrared colors in blue triangles and and a selec- 
tion of 10000 Hipparcos stars in red dots. The Hipparcos stars 
(V<12) indicate the main sequence and giant branch. Our can- 
didates are all in the area of M-Dwarfs, Subdwarfs or White 
Dwarfs, but the distribution is much more diffuse than for the 
Hipparcos stars. 

The second proper motion analysis was done with a two 
color diagram (colors J-H against H-K). The upper panel of 
Figure 4 shows a two color diagram for 10,000 Hipparcos stars 
(red dots) and about 200 stars (black triangles) of the "All-Sky 
Catalog of Bright M Dwarfs" (Lepine & Gaidos 2011). The ab- 
solute magnitude of dwarfs and giants increases (fainter stars) 
from the bottom left to the upper right and the region at J-H^0.6 
mag is a branch of M-Dwarfs (Bessell & Brett 1988). According 
to Figure 3, the majority of our 1118 candidates should be in 
this M-Dwarf branch. The lower panel of Figure 4 shows the 
same two color diagram but for the selection of Hipparcos stars 
(red dots) and our microlensing candidates (blue triangles). One 
can see that the candidates are distributed over all stellar popu- 
lations. A comparison of the results of the reduced proper mo- 
tion diagram (Figure 3) and the two color diagram (Figure 4) 
yields a discrepancy. Because the reduced proper motion dia- 
gram (Figure 3) was constructed with the lens proper motions, 
this discrepancy shows that indeed the majority of lens proper 
motions are erroneous. Hence we have to check the 1118 mi- 
crolensing candidates individually to estimate the correct proper 
motion values. 



-5 
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Figure 3. HRD produced with the method of reduced proper 
motions of the supposed microlensing candidates (blue trian- 
gles) and 10000 stars of the Hipparcos catalog (red dots). The 
magnitude H y is plotted against the color J-K. According to this 
plot all lenses should be a M-, Sub- or White Dwarf, but the 
distribution is very diffuse. 
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Figure 4. Two-color-diagram to characterize the microlensing 
candidates. The colors J-H against H-K are shown. In the upper 
panel 10,000 Hipparcos stars (red dots) and about 200 dwarfs 
(black triangles) from the "All-Sky Catalog of Bright M Dwarfs" 
(Lepine & Gaidos 2011) are plotted. The lower panel presents 
the supposed microlensing candidates (blue triangles) and the 
same Hipparcos stars as in the upper panel. 
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The analysis of the lens proper motions was done with the 
software sky atlas Aladin (Bonnarel et al. 2000). This means 
we had to "blink" like Lepine & Shara for the generation of 
the LSPM-NORTH. In order to do that, we chose images from 
different sky surveys and estimated the lens proper motion. 
Investigating about 100 lens proper motions, we found that typ- 
ically the proper motions were correct when the lenses were in- 
cluded in a high proper motion star catalog (like NLTT or LHS). 
For the remaining supposed candidates it was sufficient to check 
with SIMBAD (Wenger et al. 2000) which of them are charac- 
terized as high proper motion stars. 

We found out that 96% of the analyzed 1118 high proper 
motions are incorrect. Indeed, all LSPM-NORTH proper mo- 
tions are correct, but most high proper motions from PPMX and 
UCAC3 were erroneous. We refer to Roeser et al. (2010) for a 
discussion of a hugh number of high proper motion stars in the 
PPMXL. They pointed out that the majority of them must be 
wrong based on a comparison to a flat proper motion function 
between 150 and 430 mas/year. 

4. Astrometric Microlensing Candidates 

Our list of high proper motion stars as candidates for astromet- 
ric microlensing with closest approach to a background source 
star between 2012 and 2019 comprises 1118 supposed candi- 
dates. After double checking the proper motions only 43 actual 
microlensing candidates remain. Out of those, 36 lensing candi- 
dates are on the northern and 7 on the southern sky. The lenses 
have proper motions between 0.17 and 2.38"/year and apparent 
magnitudes between 12.1 and 19.9 mag. 

When we analyze the reduced proper motion diagram for the 
actual microlensing candidates (Figure 5) we can see again that 
our candidate lens stars that have known infrared colors (39 of 
43) are all in the regions of Red or White Dwarfs. In comparison 
to Figure 3, the distribution is very concentrated in a small area. 
In Figure 6, the two color diagram for the actual microlensing 
candidates with known infrared colors is shown. In this diagram 
the remaining candidates (blue triangles) are all located in the 
Red or White Dwarf branch. Now the comparison of the reduced 
proper motion diagram (Figure 5) and the two color diagram 
(Figure 6) of the 39 of 43 microlensing candidates with known 
infrared colors are in accord. 

Our 43 real microlensing candidates are listed in Table 1, 
ordered by time of closest approach. The table shows the lens 
ID, the lens and source right ascension and declination at epoch 
2000.0, the apparent magnitudes of lens and source, the lens 
proper motion, the time of closest approach, and the minimal 
projected distance of lens and source. When we compare these 
43 candidates with the 178 candidates from Salim & Gould 
(2000), who consider a different time interval, we can identify 
4 lenses that are contained in both lists. These candidates are our 
candidate #18 with Salim & Gould #45, #19 with S. & G. #50, 
#23 with S. & G. #137, and #24 with S. & G. #18. For the 2nd 
of these candidates the event date is nearly the same (only 20 
days difference) and the minimal angular distance only differs 
by ^180 mas. For the other candidates the event date differs by 
more than 3 years. 

In order to find out which of our 43 candidates are actually 
detectable with Gaia, a few additional criteria have to be ful- 
filled: 

- The maximal centroid shift has to be larger than the accu- 
racy threshold m [ n of Gaia which depends on the source star 
brightness. 




-0.5 0.0 0.5 1.0 1 5 

J-K[mag] 



Figures. Reduced proper motion diagram of the Hipparcos 
stars (red dots) and the 39 of our remaining 43 microlensing 
candidates with known infrared colors (blue triangles). All ac- 
tual candidates are Red or White Dwarfs 




H-K [mag] 

Figure 6. Two color diagram of the Hipparcos stars (red dots) 
and our 39 real microlensing candidates with known infrared 
colors (blue triangles). All candidates are in the Red- or White 
Dwarf branch. 

- The astrometric event duration should be at least a few weeks 
depending on the time interval of observations with Gaia. 
On average, every two months there are a few consecutive 
measurements of every object within a few hours. 

- The source should be a star and not an extended object like 
a galaxy. 

For the calculation of the maximal centroid shift we need to 
know the minimal projected distance of the involved stars and 
the angular Einstein radius. We have computed this angular dis- 
tance and the time at closest approach with the corresponding 
uncertainties. To determine the Einstein radius we require an es- 
timation of lens mass, lens distance and source distance. 4 of 43 
lenses have known trigonometric parallaxes. For the others we 
had to resort to photometric parallaxes. Therefore we employ 
given infrared colors and the luminosity class (see Figures 5 and 
6) to get the correct spectral type. Thus we could calculate the 
absolute magnitudes of our candidates. Then the distance is de- 
termined by the distance modulus. The calculated lens distances 
are between 6 and 476 pc. The lens mass is estimated using the 
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Table 1. The 43 real (out of 1 118 supposed) astrometric microlensing candidates between 2012 and 2019. Given are the lens ID, the 
lens and source coordinates at equinox J2000.0, the apparent magnitudes of lens and source, the lens proper motion, the time at 
closest approach, and the minimal angular distance of lens and source. 9 of these candidates are printed in boldface and grey back- 
ground because they could lead to an observable astrometric microlensing event. Detailed information of these 9 expected astrometric 
microlensing events are given in Table 2. 
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Figure 7. The distribution of all 1118 supposed microlensing candidates. The 1075 spurious candidates (yellow dots), the 43 real 
candidates (blue triangles, red circles, and green squares) and the 9 best microlensing events (red circles and green squares) are 
represented in Galactic coordinates (Aitoff projection). The 2 events that should be observable with Gaia are plotted as green squares. 
The majority of microlensing candidates and possible events are close to the Galactic plane. 



spectral type and the luminosity class. For the White Dwarf 
masses we used the mean value of the mass-distribution from 
DA- White Dwarfs from the Palomar Green Survey (Liebert et al. 
2005), since the majority of White Dwarfs are in this group. The 
analysis yields that all lens masses are smaller than the mass of 
the sun (0.08 to 0.6 solar masses). 

For the sources, a distance determination was not possible. 
Hence we had to use an estimation of the Einstein radius for 
distant sources, which is 

e E = 0.902mas Jp^£. (20) 

In this way the Einstein radii are estimated to between 2 and 
30 mas. The minimal impact parameters of our lensing candi- 
dates are ~2 to -600 Einstein radii. Assuming a dark lens, we 
would get maximal centroid shifts of ~4 to -6000 yuas. But when 
the lens brightness is equal or larger than the source brightness 
we have to consider this effect. Unfortunately, this is the case 
for the most candidates at closest approach. Thus we calculated 
the maximal centroid shift for a luminous lens with the assump- 
tion of large impact parameters (equation 11). Besides we de- 
termined the centroid shift at the projected lens- source distance 
of 200 mas (Gaia's angular resolution) where the luminous lens 
effect has not to be considered anymore (£# c?res ). 

The time interval, for which a large enough astrometric sig- 
nal is measurable with Gaia, is defined as t ast (equation 15). For 
our 43 microlensing candidates, this time interval ranges be- 
tween 3 days and 2525 days. 

After analysis of the source characteristics we could identify 
only one extended source. This source is probably a galaxy and 
not a pointlike object thus the corresponding lens is not a suitable 
candidate (#16 in Table 1). 

Now we want to identify the best candidates using the above 
criteria. The study of the maximal centroid shift (S6 C at uq for 
wo ^ V2), considering the precision compared to the threshold 
#min, yields 9 astrometric microlensing candidates with closest 



approach between 2012 and 2019. Due to positional uncertain- 
ties, proper motion uncertainties and uncertainties of the esti- 
mated masses and distances, the accuracy of the centroid shift 
has the same order of magnitude as the centroid shift itself for 
an individual measurement. When we include the luminous lens 
effect and the above criteria only 2 very good candidates remain 
that fulfill all required criteria. This means that under ideal con- 
ditions it is possible to measure the microlensing effect for 9 
candidates with Gaia, but it appears robust only for 2 of them. 

The 9 possible astrometric microlensing candidates, their po- 
sitions and proper motions, and calculated parameters are shown 
in Table 2, ordered by time of closest approach. In this table the 
2 best microlensing candidates are #18 and #20. 

The Galactic distribution of all microlensing candidates is 
shown in Figure 7. The yellow dots represent the 1075 spurious 
candidates, the other symbols (blue triangles, red circles, green 
squares) the 43 real microlensing candidates, the red circles and 
green squares the 9 best candidates, and the green squares the 2 
probably measurable microlensing events. Due to a higher den- 
sity of background stars, the majority of microlensing candidates 
are close to the Galactic plane. Because of crowding this is also 
the region with the highest rate of spurious high proper motions 
and hence the part of the sky that contains most erroneous can- 
didates. 

4.1. Excellent Astrometric Microlensing Candidate LSPM 
J0431+5858E 

Now we will give some more information on the 2 best lens- 
ing candidates. The first candidate is the White Dwarf LSPM 
J0431+5858E (also known as GJ 169.1 B, LHS 27 or Stein 2051 
B) which is a member of a double star system. The projected bi- 
nary separation is about 8". It is a very widely separated system 
and hence the effect of the second lens, which has probably only 
half the mass of the primary, is negligible. With equation (13) it 
can be seen that the resulting centroid shift of the second compo- 
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nent would be only 2 //as. The lens has a distance to the sun of 
only 5.6 pc and the highest maximal centroid shift (dark lens) 
of all 43 candidates (^6000 yuas). The source is very faint (19.7 
mag) and the lens is much brighter (12.1 mag) hence we have 
to consider the luminous lens effect. But when lens and source 
are resolvable the centroid shift is still ^4200 //as (# min ^2100 
yuas). The closest approach of lens and source will be on January 
2014 (±1 month). The time t asU in which Gaia could measure the 
astrometric deviation for this event, is about 100 (±22) days. The 
mean end-of-mission number of Gaia observations is ^80 spread 
over about 5 years (de Bruijne 2009; Lindegren 2010; Mignard 
& Lammers 2011), hence Gaia should measure a clear centroid 
shift signal at a few different epochs. 

4.2. Excellent Astrometric Microlensing Candidate LSPM 
J2004+3808 

The second promising lensing candidate is the M-Dwarf LSPM 
J2004+3808 (G 125-56) in 43 pc distance. Because lens and 
source have nearly the same magnitude (12.7 mag), the cen- 
troid shift trajectory is less affected by the luminous lens effect. 
The maximal centroid shift would be ^2070 yuas for a dark lens 
and is expected to be ^1080 yuas with consideration of the lens 
brightness. The accuracy threshold 6 m { n amounts to only 57 //as 
due to the bright source star. The closest approach of lens and 
source will be in July 2014 (±6 months). The calculated possi- 
ble observing time with Gaia (7 as t) is 2490 (±1275) days hence 
the event will be measurable over the whole mission (about 80 
times). 



5. Summary & Outlook 

Our goal was to find and characterize high proper motion stars 
as candidates for astrometric microlensing detectable with Gaia. 
We selected 43 microlensing candidates which are available 
in our list "Candidates of Astrometric Lensing". We used the 
LSPM, UCAC3, PPMX, and OGLEBG as lens catalogs and the 
PPMXL as source catalog. The LSPM was a very good selection 
for the lenses but it is only available for the northern sky. The 
proper motion analysis with Aladin and SIMBAD showed that 
1075 of 1118 (96%) supposed candidates have erroneous proper 
motions, but all LSPM lenses (36) have correctly determined 
proper motions. It is well known that this is a typical problem 
of high proper motions in star catalogs. 

We have investigated maximal centroid shifts (for dark and 
luminous lenses), Gaia's accuracy threshold # m i n , the type of 
source and the average astrometric event duration to determine 
which of the 43 remaining actual lensing candidates are de- 
tectable with Gaia. Our analysis yields 9 astrometric lensing can- 
didates that could be measurable with Gaia. However, for many 
of them the observability is marginal due to large centroid shift 
errors and too short event durations. Two of them have a very 
strong centroid shift and a long event duration and hence they 
should be detectable, perhaps also with ground based telescopes 
astrometrically. These 2 candidates should also lead to a photo- 
metrically measurable signal of some millimag. With an Einstein 
time of 4.5 and 9.9 days, this photometric signal is hardly ob- 
servable with Gaia, but we can monitor them photometrically 
from the ground. It is not possible to estimate whether the other 
7 possible candidates are observable photometrically due to very 
short photometric event durations, large impact parameters, and 
large impact parameter uncertainties , i.e. large uncertainties in 
the magnitude shift (equation 4). 



Gaia's data will be used to produce a catalog with very high 
precise positions, proper motions and magnitudes of about one 
billion stars and other astronomical objects with visual magni- 
tudes up to 20. This dataset can then be used for an improve- 
ment of the microlensing catalog. On this basis one can predict 
possible lensing events with much higher accuracy than today. 
These events could be observed astrometrically with interferom- 
etry and photometrically. Hence many single star masses in the 
solar neighborhood will be determined in the not-so-distant fu- 
ture. The proper motion determinations of Gaia will be very pre- 
cise so that it would not be necessary to verify all proper motions 
from the predicted lensing candidates. 
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Figure 8. Images from the POSSI and POSSII survey for the 2 best astrometric microlensing candidates produced with Aladin. The 
upper two figures show the lens candidate LSPM J0431 +5858E (candidate #1 8). The lens candidate is a White Dwarf with an estimated 
mass of O.6M in 5.6 pc distance and it is a member of a double star system. The two pairs of green plus symbols indicate the double 
system in the years 1 953 and 1 992 (the left star is our lens) and the red arrow presents the calculated lens position at the epoch 2000.0. 
On the bottom panels one can see the second best lensing candidate LSPM J2004+3808 (candidate #20) which has a distance of 
about 43 pc to the sun. The lens positions in the years 1950 and 1991 are also marked with green plus symbols as well as its position 
at 2000 is marked with a red arrow. In all images the source star is denoted with a purple cross. One can see that the proper motions 
of the 2 lensing candidates are correctly given in the LSPM-NORTH catalog. 
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